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The quantum spin states of atomic ensemble are of special interesting for both fundamental
studies and precision measurement applications. Here, we propose a scheme to prepare collective
quantum states of an atomic ensemble placed in an optical cavity via homodyne measurement of
probing light field. The effective interactions of atoms mediated by photons are enhanced by the
optical cavity, and the output probe light could also be entangled with the collective spin states.
By selectively measuring the quadrature of output light, we can prepare various quantum states,
including superposition states of Dicke states and Dicke squeezed states. It is also demonstrated
that the fidelity of prepared quantum state can be enhanced by repetitive homodyne detection and
using longer probe laser pulses. Our scheme is feasible for experimental realization with current
technologies, which may be used in future study of quantum mechanics and quantum metrology.
PACS numbers: 42.50.Dv, 06.20.–f, 32.80.Qk, 42.50.Lc
I. INTRODUCTION
Large ensembles of atoms are good platforms for test-
ing fundamental physics [1, 2] and practical applications
[3, 4], such as, quantum metrology [5, 6], quantum mem-
ory [7], atomic clocks [8–10] and gravitational wave de-
tectors [11, 12]. For these applications, the preparation
of quantum states of atomic ensembles [1, 13, 14] is es-
sential. For example, the quantum superposition states
[13, 15–17] and Dicke squeezed states (DSS) [18] are the
two typical quantum states, which show interesting quan-
tum phenomena and break classical limitation by uti-
lizing the entanglement property of collective spins [19–
21]. The quantum superpositions of collective spins are
allowed by quantum mechanics, including Greenberger-
Horne-Zeilinger (GHZ) [22, 23] and W states [24, 25],
which can be applied for quantum information process-
ing. The spin squeezing states [26] and DSS [18] are
many-particle entangled states, allowing the quantum
metrology beyond the standard quantum limit [27–29].
Therefore, the preparation of these quantum states is of
great importance and has attracted considerable atten-
tion recently.
Many schemes [27, 30–32] have been proposed to pre-
pare quantum states of atomic ensemble spins in recent
years. Spin squeezing and entanglement of collective
spins have been achieved by directly transferring squeez-
ing from squeezed light to an atomic ensemble [33]. In
analogy with nonlinear optics, quantum states of collec-
tive spins can be generated via collisional interactions in
Bose-Einstein condensate [34–36]. Alternatively, cavity-
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based schemes [37, 38] have also been proposed to re-
alize highly squeezed states and other quantum states,
where the light-matter interaction is enhanced by plac-
ing the atoms in an optical cavity [39–41]. The effective
interactions of collective atoms are induced by the opti-
cal cavity, while the interaction types can not be chosen
at will, and ideal quantum states can not be prepared.
It is also demonstrated that the quantum nondemoli-
tion (QND) detection on the states of photons coupled
with the atomic ensemble could be utilized to produce
quantum states [42], including the entanglement of two
macroscopic atomic samples [43], spin squeezing states
[19, 44], and Dicke state [45, 46]. However, a scheme
that combines the advantages of cavity-induced nonlin-
ear couplings and the variety of QND detection has never
been proposed yet.
In this work, we propose an experimental feasible
scheme to prepare collective quantum states of an atomic
ensemble by cavity assisted homodyne measurements.
For a cavity-atom ensemble system probed by coherent
resonant laser pulse, the output light is entangled with
the collective spin states of atomic ensemble in the cavity,
which induces linear, square, and high order nonlinear
couplings of collective spins. By time-domain homodyne
measuring of the quadrature of output light, the quantum
superposition state and DSS can be created selectively.
For a given system, the state preparation can be opti-
mized by carefully choosing the measurement strength
and pulse length. Moreover, the state preparation can
be enhanced by repetitive homodyne measurement. Our
scheme is feasible for experimental realization and can
also be generalized to generate other non-Gaussian states
by optimal homodyne measurement.
2Figure 1. (Color online) Schematic illustration of cavity-atom
ensemble system with an optical quadrature measurement
performed via homodyne detection. By choosing the phase
φ of the local laser, we can realize the time-domain homo-
dyne detection Υ (φ) of the output light, which leads to non-
Gaussian states of the collective spins.
II. MODEL
Figure 1 is a schematic of the cavity-atom ensemble
system setup. We use a laser pulse resonant with the
cavity to probe the system, which contains an ensem-
ble of N identical atoms with two stable ground states
and an excited state. By adiabatically eliminating the
excited state of atoms, the two ground levels of atom en-
semble are coupling to the optical cavity [37, 39], with
the effective Hamiltonian as
Heff = Ωc
†cSz − i
√
2κNp(c− c†)βin (t) , (1)
where c, c† are the photon annihilation and creation
operators for the cavity mode, 2Sz =
∑N
i=1(|↑〉i 〈↑|i −|↓〉i 〈↓|i) is z component of the collective spin operator,
and the coefficient Ω = 2g2/ |∆| is the dispersive cavity
and atom population coupling strength [39], in which g is
the coupling strength between the atom ground-excited
transitions and vacuum cavity field, and ∆ is the detun-
ing between the cavity mode and atom transitions. The
probe pulse has a mean photon number Np with the nor-
malized pulse envelope
∫
dt |βin(t)|2 = 1, and κ is the
cavity amplitude decay rate.
We notice that the spin operator Sz is a conserved
quantity in the system, since [Sz, Heff ] = 0. Therefore,
by accumulating an extra phase in proportion to the spin
operator Sz [37], the cavity field evolves by following the
Heisenberg equation
d
dt
c = (−κ− iΩSz) c+
√
2κNpβin (t) . (2)
The formal solution [47] of cavity field for c (−∞) = 0 is
c (t) =
√
2Npκ
∫ t
−∞
dt′ exp [− (κ+ iΩSz) (t− t′)]βin(t′).
(3)
As the term in proportion to the spin operator is assumed
to be small, the mean intracavity field can be approxi-
mated as [48]
〈c (t)〉 /√Np ≃ β0(t)− iΩ
κ
β1(t) 〈Sz〉 − Ω
2
2κ2
β2(t)
〈
S2z
〉
,
(4)
where the dimensionless functions are
β0(t) =
√
2κ
∫ t
−∞
dt′ exp [−κ (t− t′)]βin(t′), (5)
β1(t) =
√
2κ
∫ t
−∞
dt′ exp [−κ (t− t′)]κ (t− t′)βin(t′),
(6)
β2(t) =
√
2κ
∫ t
−∞
dt′ exp [−κ (t− t′)]κ2 (t− t′)2 βin(t′).
(7)
Since the cavity field contains information of spin op-
erator Sz, the spins can be projected to certain collective
spin states by time-domain homodyne detection of the
output field cout =
√
2κc. The homodyne measurement
operator [48] of the output reads
Υ (φ) =
√
2
∫
dtβLO(t)Υ
out(φ), (8)
where Υout(φ) = 1√
2
(
c†oute
iφ + coute
−iφ
)
is the mea-
sured quadrature, and φ, βLO are the phase and ampli-
tude of the local pulse, respectively, as shown in Fig. 1.
The corresponding measurement operator [49] reads
M = (pi)
− 1
4 exp
[
iηSz −
(
Υ+ χxS
2
z + χpSz
)2
/2
]
, (9)
by generalised linear measurement theory [50]. Here η is
the accumulated phase,
χx =
√
2κ
∫
dt
Ω2
κ2
βLO(t)β2(t) cos(φ), (10)
is the square-spin operator measurement strength, and
χp = 2
√
2κ
∫
dt
Ω
κ
βLO(t)β1(t) sin(φ), (11)
is the linear spin operator measurement strength, all of
which are determined by the local pulse [48]. As the
term from β0 does not contain any information of the
spin operator, we have neglected this contribution above.
Since the quadratures of intracavity field carry informa-
tion of the spin operators Sz and S
2
z respectively, the
time-domain homodyne measuring of the quadrature can
3generate quantum states of the collective spins, as indi-
cated by the measurement operator. By properly choos-
ing the phase φ and shaping the local pulse βLO, we can
selectively imprint the actions S2z and Sz on the atom
ensemble and generate quantum states of the atom en-
semble.
III. QUANTUM SUPERPOSITION OF DICKE
STATES
When the phase of local oscillator is chosen as φ =
0, we measure the X quadrature Υout (0) = Xout ≡(
c†out + cout
)
/
√
2, which contains the information of the
spin operator S2z . From Eq. (9), we obtain the measure-
ment operator
MX = (pi)
− 1
4 exp
[
iηSz −
(
XL + χxS
2
z
)2
/2
]
(12)
for measurement outcome 〈Υ〉 = XL = −χx
〈
S2z
〉
, which
leads to the operation on the spin state
|ψ〉 7→MX |ψ〉 . (13)
To optimize the measurement on the amplitude (X)
quadrature, we choose a local pulse with βLO being
proportional to β2. According to Eq. (10), the spec-
trum of the optimal input probe should satisfy β2in (ω) =
8κ5/
[
3pi
(
κ2 + ω2
)3]
. Therefore, we can obtain the opti-
mal measurement strength χx =
√
42NpΩ
2/(2κ2) and
the accumulated phase η = −5ΩNp/ (3κ) [48] for X
quadrature homodyne measurement.
Consider an atom ensemble initially prepared in a co-
herent spin state (CSS) [51] along the x axis satisfying
Sx|ψCSS〉 = S|ψCSS〉, which can be represented in the
basis of the Dicke states as
|ψCSS〉 =
S∑
m=−S
Nm |S,m〉 , (14)
where |S,m〉 is the Dicke state with eigenvalue ofm under
the operator of Sz, Nm = 2
−S( 2S
S+m
)1/2
is the coefficients,
and S = N/2 for the ensemble of N atoms. After the
homodyne measurement, the final state of the collective
spins is given by
|ψf 〉 =MX |ψCSS〉
=
pi−
1
4
N
S∑
m=−S
Nme
iηm− (
XL+χxm
2)2
2 |S,m〉 , (15)
where N is the normalization factor. Note that the state
after the measurement is a pure state and the action of
measurement operator is to prepare a superposition [52]
of Dicke states.
From the Eq. (15), we know that the collective spin
state collapses to a superposition of two wave-packets of
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Figure 2. (Color online) (a) and (b) Probability distri-
bution of quantum superposition states projected to Dicke
states |S,m〉. The solid lines show the probability distribu-
tion with χx = 0.05 (black), 0.1 (blue), and 0.2 (red) for
XL = −χxS/2 in (a) . For the different measurement values,
the probability is plotted in (b) with XL = −χxS/3 (dashed),
−χxS/2 (solid), and −χxS (dotted) for χx = 0.2. (c)The fi-
delity as a function of χx for various measurement values :
XL = −χxS/3 (blue), −χxS/2 (black), −χxS (red). The
system size is S = 50.
Dicke states concentrate around m ≈ ±
√
−XL
χx
after the
homodyne detection. The two wave-packets are sepa-
rated by a distance d = 2
√
−XL
χx
along the direction of
Sz, where a width of the wave-packet is given by approx-
imately σ ∼ (2√−XLχx)−1. For an ideal measurement,
where mc =
√
−XL
χx
is an integer and
(
χx ± σ−1
)2 ≫ 1,
the quantum state is the superposition of two Dicke states
as ∣∣∣ψ˜f〉 ≈ 1√
2
(
eiηmc |S,mc〉+ e−iηmc |S,−mc〉
)
. (16)
To intuitively illustrate the prepared quantum super-
position states by homodyne measurement, we calculate
the probability distribution P (m) = |〈S,m|ψf 〉|2. In
Fig. 2(a), we plot the P (m) as a function of m with
different χx, where we choose the outcome of measure-
ment XL = −χxS/2. When the measurement strength
χx is weak, the state is a superposition of many Dicke
states, and we can observe two wave packets with cen-
tral position m ≈ ±
√
S
2 . With the increasing χx, the
width of the wavepackets becomes narrower while the
peaks become higher. When χx = 0.2, the state al-
most consists of only two Dicke states, which is sepa-
rated by a distance d = 2
√
S
2 . For different measure-
ment outcomes XL, we show the probability distribution
in Fig. 2(b). If XL becomes larger, the two wave-packets
are further apart and the width of the wave-packets be-
4comes narrower, which is consistent with the theoreti-
cal analysis. When the parameters satisfy the condition(
χx ± σ−1
)2 ≫ 1, the state is only the superposition of
two Dicke states. In Fig. 2(c), we select the superposi-
tion of two Dicke states from Eq. (16) as the target state
and calculate the fidelity F =
∣∣∣〈ψ˜f |ψf〉∣∣∣2 as a function
of χx. We find that the fidelity F approaches 1 with
the increasing χx. For different measurement outcomes,
the required χx for near-unit fidelity state preparation
is different, and the χx becomes larger with the larger
measurement outcomes XL. Specifically, we can also re-
alize the GHZ state
∣∣∣ψ˜f〉 ∼ eiηS |S, S〉 + e−iηS |S,−S〉
when XL = −χxS2, which is particularly important for
quantum information processing.
IV. DICKE SQUEEZED STATES
When choosing φ = pi/2, we measure the phase (P)
quadrature Υout (pi/2) = P out ≡ i
(
c†out − cout
)
/
√
2.
Similar to the measurement on the amplitude quadra-
ture, the phase quadrature P out of output light con-
tains information about the spin operator Sz, and leads
to the actions on the spin operator after measurement.
From Eq. (9), the measurement operator [48, 49] with
〈Υ〉 = PL = −χp 〈Sz〉 is described as
MP = pi
− 1
4 exp
[
iηSz − (PL + χpSz)2 /2
]
, (17)
and the output state
|ψ〉 7→MP |ψ〉 . (18)
For an optimal measurement of the spin operator [48],
the local input pulse βLO is chosen to have an amplitude
directly proportional to β1. When βin(t) =
√
κe−κ|t|
[49], we have the optimal measurement strength χp =√
10NpΩ/κ and accumulated phase η = − 3ΩNp2κ .
Similar to the preparation of superposition state, we
start with an atomic system prepared initially in a CSS
along the x axis, and the output state after measurement
is
|ψf 〉 =MP |ψCSS〉
=
pi−
1
4
N
S∑
m=−S
Nme
iηm− (PL+χpm)
2
2 |S,m〉 . (19)
The equation indicates that the state has one wave-
packet of Dicke states, where the center of the wave-
packet is m = −PL/χp. If χ2p ≫ 1, we can obtain the
Dicke state as |ψf 〉 = |S,m〉 after one-shot measurement,
where m is an integer around the −PL/χp.
Specially, if PL = 0, we obtain a Dicke state |S, 0〉
which is known as the DSS that is useful for quantum
metrology [53]. To characterize the DSSs, we introduce
a single experimentally detectable parameter as the figure
of merit in quantum metrology [18]
ξD =
N
(〈
(∆Sz)
2
〉
+ 1/4
)
〈S2x + S2y〉
. (20)
It is worth noting that the squeezing parameters ξD is
universal for characterizing the entanglement depth of
all DSSs [54]. In addition, the DSSs described by ξD are
more robust to decoherence and experimental noise than
other quantum states [18]. For a CSS along the x axis,
we have ξD = 1, thus a state is the Dicke spin-squeezed
state when ξD < 1. The parameter ξD can attain the
minimum 1/ (N + 2) under the ideal DSS |S, 0〉, so the
phase sensitivity of DSS approaches the Heisenberg limit.
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Figure 3. (Color online) (a) The squeezing parameter ξD as a
function of the phase-quadrature measurement PL for N = 40
and χp = 0.2, 0.4. (b) The squeezing parameter as a function
of the spin-measurement strength χp for PL = 0 and N =
40, 80, 120. (c) Optimal spin squeezing plotted against the
number of atoms N with the analysis result (solid line) and
numerical result (square dots).
In Fig. 3(a), we plot the spin squeezing parameter ξD
as a function of the phase-quadrature measurement PL
for both χp = 0.2 (dotted red line) and χp = 0.4 (solid
red line), where PL ∈ [−χpS, χpS]. It clearly shows
that spin squeezing parameter ξD reaches its minimal
when PL = 0, and the minimal value decreases with
the increasing of χp. The Fig. 3(b) further shows that
the squeezing parameter increases with the measurement
strength χp, and the ξD saturates at certain value that
reduces with atom numbers N . The reason for the sat-
uration behavior of ξD is that the larger measurement
strength carries more information about the spin oper-
ator, which leads better squeezing. When χp ≥ 2, we
can obtain the ideal DSS |S, 0〉. To further verify that
optimal spin squeezing is what we expect, the optimal
squeezing as a function of N is shown in Fig. 3(c). The
5black line is the analysis result ξD = 1/ (N + 2) for the
ideal DSS, and all square dots (numerical result) are on
the black line. These demonstrate that theoretical anal-
ysis and numerical results are consistent with each other,
and we can realize the DSSs that approaching the Heisen-
berg limit for precision measurement [18].
V. DISCUSSION
For the experimental realization of our scheme, we con-
sider a dilute ensemble of 87Rb trapped inside an optical
cavity [39, 40], with g = 2pi× 0.4 MHz, ∆ = 2pi× 3 GHz
and κ = 2pi × 1 MHz. In our model, the approxi-
mation of adiabatical elimination of the excited state
of atoms [37] is valid only when the intracavity pho-
ton number be sufficiently low, which should satisfy〈
c†c
〉 ≪ (∆/g)2. From Eq. (4), we can obtain the in-
tracavity photon number
〈
c†c
〉 ≃ Np |β0(t)|2. For ho-
modyning the amplitude quadrature using the optimal
input probe, we obtain the intracavity
〈
c†c
〉 ≤ 4Np.
Therefore, the amplitude measurement strength satis-
fies χx ≪
√
42g3/
(
κ2∆
) ≈ 1.4 × 10−4, which is very
weak for low intracavity photons. For homodyning the
phase quadrature, we have the intracavity photon num-
ber
〈
c†c
〉 ≤ 2Np/e, and the phase measurement strength
is χp ≪ g
√
20e
κ ≈ 3. It means that we can not use the
very strong probe pulse.
We propose to enhance the fidelity of state preparation
by repetitive measurements
∏n
j=1M
j of the cavity-atom
ensemble system, where n is the rounds of measurements.
From the effective projection operator
M eff
(pi)
−n
4
=
n∏
j=1
exp
[
iηjSz −
(
Υj + χjxS
2
z + χ
j
pSz
)2
2
]
,
(21)
the effective measurement strength could be enhanced
collectively by a factor of
√
n. For example, by simply
assuming that every measurement outcome is the same
in preparing quantum superposition of Dickes states, we
obtain the effective outcome of the outputXeffL =
√
nXL
and effective measurement strength χeffx =
√
nχx. Sim-
ilarly, the preparation of DSS can also be enhanced by
the repetitive measurements . By assuming that both the
input pulses and measurement results remain unchanged
with both P jL = 0 and χ
j
p = χp, then we can obtain the
effective measurement strength χeffp =
√
nχp. In Fig. 4,
we investigate the spin squeezing by repetitive measure-
ment, and the complex effects of n on the squeezing pa-
rameters ξD is observed. For weak measurement-strength
χp = 0.4, the degree of squeezing ξD increase with n. For
n = 25, the spin squeezing parameter has a small fluctu-
ation in the range PL ⊆ [−χpS, χpS], which means that
the spin squeezing can be enhanced for a wide range of
the measured value PL. The dependence of spin squeez-
ing on χp is presented in Fig. 4(b) for n = 1, 5, 25. Ac-
cording to the
√
n-enhancement, the optimal spin squeez-
ing should be obtained when n ≈ (χoptp /χp)2 = (2/χp)2,
which agrees well with the Fig. 4(c).
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Figure 4. (Color online) (a) Spin squeezing parameter ξD
as a function of the phase-quadrature measurement PL for
χp = 0.4 and n = 1, 5, 25. (b) Spin squeezing parameter as a
function of the spin-measurement strength χp for PL = 0 and
n = 1, 5, 25. (c) Spin squeezing plotted against the number
of measurement times n for PL = 0 and χp = 0.2, 0.4. (a)-(c)
N = 40.
For the measurement-based quantum state prepara-
tion, the drawback is that the desired processes de-
pends on the measurement outcome and is probabilistic.
For the repetitive measurement enhanced spin squeezing
state preparation, n = 100 (50) measurements are re-
quired to achieve optimal spin squeezing for Xp = 0.2
(0.4). The probability of the measurement PL = 0 ex-
ponentially decreases with n, thus is very challenging for
experimental realizations. Actually, we find that the suf-
ficiently low intracavity photon number
〈
c† (t) c (t)
〉 ≪
(∆/g)2 is an instantaneous condition, so we use the long
pulse probing with βin(t) =
√
κ/nte
−κ|t|/nt to reduce
the instantaneous intracavity field, where nt/κ is the ef-
fective length of the pulse. Therefore, we can realize the
optimal spin squeezing by combining long pulse probing
and repetitive measurements.
We can obtain the
〈
c† (t) c (t)
〉 ≤ 2Np/ (√nte), which
means χp ≪ g
√
20nte
κ ≈ 3
√
nt. We can realize the opti-
mal spin squeezing with both the long pulse and strong
probing. It is best to realize spin squeezing in experiment
by combining long pulse probing and multiple measure-
ments. If we choose nt = 10, the probability of optimal
spin squeezing can be obtained greatly increased only by
n = 4 times of the homodyne detection.
6VI. CONCLUSION
We propose an experimental feasible scheme to prepare
the quantum states of an atomic ensemble via cavity-
assisted homodyne measurements. It is revealed that the
probe light that resonant with the cavity would induce
two distinct effects: one is that quantum sate of output
light can be entangled with that of the atomic ensemble
in the cavity, the other one is the light mediated indi-
rect nonlinear interaction between atoms. By selectively
measuring the quadrature of the output light, we pro-
pose the preparation of the superposition of Dicke states
and the DSS. The scheme is feasible for experiments, as
the quantum state preparation with weak measurement
strength can be enhanced by repetitive homodyne detec-
tion or using longer probing laser pulses. Our scheme
also holds the potential to generate other non-Gaussian
quantum states of atom ensemble, which may find ap-
plications in future studies of quantum mechanics and
quantum metrology.
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